The biological treatment of wastewater discharged from a biodiesel fuel (BDF) production plant conducting alkali catalysis transesterification was investigated. BDF wastewater has a high pH and high hexane-extracted oil and low nitrogen concentrations, and inhibits the growth of microorganisms. The biological treatment of BDF wastewater is difficult because the composition of such wastewater is not suitable for microbial growth. To apply the microbiological treatment of BDF wastewater using an oil degradable yeast, Rhodotorula mucilaginosa, the pH was adjusted to 6.8 and several nutrients such as a nitrogen source (ammonium sulfate, ammonium chloride or urea), yeast extract, KH 2 PO 4 and MgSO 4 ⋅ 7H 2 O were added to the wastewater. The optimal initial concentration of yeast extract was 1 g/l and the optimal C/N ratio was between 17 and 68 when using urea as a nitrogen source. A growth inhibitor was also present in the BDF wastewater, and this growth inhibitor could be detected by measuring the solid content in an aqueous phase after the hexane extraction of the wastewater. Microorganisms could not grow at solid contents higher than 2.14 g/l in the wastewater. To avoid the growth inhibition, the BDF wastewater was diluted with the same volume of water. Oil degradation in the diluted BDF wastewater was observed and the best result was obtained under the determined optimal conditions. This treatment system is simple because no controllers, except for a temperature, are necessary. These results suggest that the biological treatment system developed for BDF wastewater is useful for small-scale BDF production plants.
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The production of biodiesel fuel (BDF) is one of the key technologies for the treatment of waste oil and the recycling of food processing and domestic residues (1, 2) . Several methods of BDF production, such as transesterification using alkali catalysis, acid catalysis and supercritical methanol, ultrasonic irradiation and thermal decomposition of oil using alkali catalysis, have been developed (3-7). The transesterification using alkali catalysis is a useful method that enables a high conversion of triglycerides (oil) to fatty acid methyl esters (BDF) by a simple chemical reaction in a short time.
BDF is produced from 100 l of waste oil, 20 l of methyl alcohol and 1000 g of KOH. The materials are transferred into the BDF plant and subjected to transesterification at 65-80°C for 2.5 h. After transesterification, glycerol is removed from the reaction mixture and 20 l of water is added to rinse the product. The mixture is left to stand for one night and the water layer is discharged from the BDF plant, that is, raw BDF wastewater. Therefore, about 20 l of raw BDF wastewater is discharged per 100 l of BDF produced.
Many small-scale plants are operated by nonprofit organizations (NPOs) and local government workgroups in Japan. However, most workgroup members do not have the technical skills for BDF production and plant operation. The BDF plant is operated by such workgroups using an instruction manual supplied by the plant manufacturer. From the viewpoint of environmental preservation, the treatment of raw BDF wastewater is necessary. However, treatment procedures for BDF wastewater are not described in the instruction manual because the treatment is very difficult.
In this study, the biological treatment of wastewater discharged from a BDF production plant conducting alkali catalysis transesterification was investigated. To develop a useful and simple system for small-scale BDF plant users, experiments were carried out in accordance with the following policies: (i) A rapid biodegradation method for the residual remaining oil in raw BDF wastewater should be developed. The main component of the wastewater is the residual remaining oil, thus, such wastewater should not be discharged into public drainage because the oil causes plugging of the drainage and decreases biological activity in sewage treat-ment. (ii) Nutrients for microbial growth are not abundant in raw BDF wastewater, except for the carbon source. To avoid eutrophication by the treated wastewater, minimum quantities of the nitrogen source (ammonium sulfate, ammonium chloride or urea), yeast extract, KH 2 PO 4 and MgSO 4 ⋅7H 2 O should be added to raw BDF wastewater. (iii) No controllers, except for temperature, are used in the biological treatment system for BDF wastewater. The treatment system for BDF wastewater should be constructed using a simple control system for ease of operation. In this study, three kinds of wastewater, artificial wastewater, BDF wastewater and diluted BDF wastewater, were used for seed culture and experimental culture. Artificial wastewater was used for seed culture and experimental culture to determine the optimal conditions for the biological treatment of the oil extracted with hexane (hexane-extracted oil) from raw BDF wastewater. Raw BDF wastewater is wastewater discharged directly from the BDF plant. The BDF wastewater consisted of 0.46 g/l urea, 1.0 g/l yeast extract, 0.2 g/l KH 2 PO 4 , 0.2 g/l MgSO 4 ⋅7H 2 O and raw BDF wastewater. The artificial wastewater consisted of a nitrogen source (ammonium sulfate, ammonium chloride or urea, at various concentrations), yeast extract (variable), 0.2 g/l KH 2 PO 4 , 0.2 g/l MgSO 4 ⋅7H 2 O and 10 g/l hexane-extracted oil in distilled water. The diluted BDF wastewater was mixed with the same nutrients as those in the BDF wastewater in the diluted BDF wastewater that was diluted with the same volume of water. In the case of the BDF wastewater and the diluted BDF wastewater, the oil contained in the raw BDF wastewater was used as a carbon source of the growth of R. mucilaginosa HCU-1.
MATERIALS AND METHODS

Microorganism
Seed culture was prepared by incubation at 30°C for 24 h on a reciprocal shaker (120 spm) after inoculating cells kept on an agar plate into a 500-ml Sakaguchi flask containing 100 ml of artificial wastewater. The artificial wastewater was composed of 1.0 g of (NH 4 ) 2 SO 4 , 1.0 g of yeast extract, 0.2 g of KH 2 PO 4 , 0.2 g of MgSO 4 ⋅7H 2 O and 10 g of hexane-extracted oil per liter. For experimental cultures, the cells were collected by centrifugation (3000 rpm, 5 min), washed and resuspended in fresh medium containing 1.0 g of yeast extract, 0.2 g of KH 2 PO 4 and 0.2 g of MgSO 4 ⋅ 7H 2 O per liter of distilled water. The cell suspension was transferred into a 500-ml Sakaguchi flask containing 100 ml of the artificial wastewater or into 7 l of the BDF or diluted BDF wastewater in a 10-l fermentor (BMS-10PⅡ; Able Co., Tokyo). The initial optical density at 580 nm (OD 580 ) was adjusted to 0.5. The temperature of cultivation was maintained at 30°C. The agitation speed and aeration rate of the fermentor were 350 rpm and 0.8 vvm, respectively. In all cases, the initial pH of the medium was adjusted to 6.8 with 2 N HCl.
Analysis Cell concentration was measured at OD 580 using a spectrophotometer (UV-210A; Shimadzu, Kyoto). One milliliter of the culture broth was transferred to a 1.5-ml plastic tube and 50 µl of n-hexane was added. After centrifugation (10,000 rpm, 5 min), the upper and middle layers (hexane and aqueous phases) were removed and the collected cells (pellet) were suspended in physiological saline containing 8.5 g of NaCl and 0.042 g of KH 2 PO 4 per liter (pH 6.8). The OD 580 of the diluted suspension was measured and the value of UOD 580 of the cultured BDF wastewater was calculated. The value was converted to dry cell concentration by a conversion factor of 0.206 g/l.
The oil concentration of the cultured wastewater was measured by the hexane extraction method. Fifteen milliliters of the cultured wastewater was acidified with 180 µl of 2 N HCl, and 1.5 ml of n-hexane was mixed with the acidified wastewater. After centrifugation (3000 rpm, 5 min), the hexane layer was collected. This extraction operation was repeated three times. The collected hexane layer was evaporated and the hexane extract was weighed after drying at 80°C for 24 h. Oil concentration in the cultured wastewater was calculated by multiplying the weight of the hexane extract by 1000/15.
In the analysis of the raw BDF wastewater, the same hexane extraction method was applied to measurement of oil concentration. The solid content of the raw BDF wastewater was measured using the remaining aqueous phase after the hexane extraction. The aqueous phase of the wastewater was weighed after drying at 110°C for 72 h. The solid content of the wastewater was calculated by multiplying the measured weight by 1000/15.
The concentration of urea in the cultured wastewater was measured using the enzymatic method with Urea NB TestWako (Wako Pure Chemical Industries, Osaka).
The carbon and nitrogen contents of the raw BDF wastewater were measured by the Pregie-Dumas combustion method using a CN analyzer (MT-700; Yanako, Kyoto). The weight of cutting paper (5 ×45 mm) was measured and the dried wastewater (syrup) was painted on the paper and then weighed using a semi-micro electric balance. The paper or the dried wastewater painted on the paper was put on a nickel board with 3.0 g of copper (II) oxide powder (no. 09520-75; Nakalai Tesque, Kyoto) and then the board was placed on an autosampler (MAT-600; Yanaco, Kyoto) before starting the analysis. The carbon and nitrogen contents of the dried wastewater were calculated by correcting the carbon and nitrogen contents of the paper.
Measurement of near infrared spectrum The near-infrared (NIR) spectrum of the aqueous phase after hexane extraction of raw BDF wastewater was measured using an NIR spectrometer (NIRS6500SPL; Nireco, Tokyo). The aqueous phase was concentrated ten fold and the concentrated aqueous phase was injected into a cuvette with a 1 mm light path. After putting the cuvette in the cell holder of the NIR spectrometer, transmittance value at wavelengths ranging from 400 nm to 2500 nm was measured at 2 nm intervals. The second derivatization of the raw NIR spectrum was carried out using the NSAS program supplied by Nireco Co.; the segment and gap size of the calculation of the second-derivative spectrum were 20 and 0 nm, respectively.
Preparation of artificial wastewater with various solid contents
To confirm the effect of solids on the growth inhibition of the BDF wastewater, artificial wastewater containing 0, 0.534, 1.07, 1.62, 2.14 and 2.67 g/l solids were prepared by respectively adding 0%, 20%, 40%, 60%, 80% and 100% of the aqueous phase after hexane extraction of the raw BDF wastewater to the artificial wastewater. The artificial wastewater was composed of solid materials (variable content), 0. gen in the yeast extract was neglected in the calculation of the C/N ratio.
RESULTS AND DISCUSSION
Physiological properties of raw BDF wastewater Table 1 shows the results of the physiological analysis of the raw BDF wastewater. The pH of the wastewater was 11.0. Potassium hydroxide (KOH) was used as the alkali catalyst of the transesterification of waste oil remaining in the wastewater. The wastewater contained the remaining oil of the transesterification and the oil concentration was 15.1 g/l. The carbon and nitrogen contents of the wastewater were 14.8 g/l and 0.0647 g/l, respectively. The C/N ratio of the wastewater was about 229. In our previous study, the optimal C/N ratio for the biodegradation of the oil in the kitchen wastewater was about 31 (8) . Therefore, the nitrogen source in the raw BDF wastewater may not be enough for the biodegradation of the oil in the wastewater because such a high C/N ratio is not suitable for microbial activity. The adjustment of pH and the addition of a nitrogen source are necessary for the biological treatment of the raw BDF wastewater.
Selection of nitrogen source To determine the optimal nitrogen source for the biodegradation of the oil extracted from the raw BDF wastewater, ammonium sulfate (AS), ammonium chloride (AC) or urea was added to the artificial wastewater. The initial concentrations of ammonium sulfate, ammonium chloride and urea were 1.0, 0.8 and 0.46 g/l, respectively. The nitrogen source concentration is equivalent to 0.21 g-N/l and the C/N ratio is about 35. Figure 1 shows the time courses of pH and cell growth during cultivation, and oil degradation efficiency at 36 h of the culture. The best result was obtained in the case of urea as a nitrogen source. The cell growth and oil degradation efficiency reached 5.25 g/l and 95.5%, respectively. In the other cases, these values were lower than those in the case of urea. As one of the reasons for these results, pH decreased rapidly and reached about 2 when ammonium sulfate or ammonium chloride was added (Fig. 1a) . The pH decrease may be due to the formation of free fatty acids during the oil degradation. In addition, microorganisms consumed mainly ammonium ions come from ammonium sulfate or ammonium chloride, and the residual sulfate or chloride ions increased the acidity of the cultured wastewater. The same phenomenon was observed in the biodegradation of the waste oil by compost fermentation (9) . In both cases, microbial activity may be suppressed by the formation of inorganic acids in the early stage of the cultivation.
When urea was used, the pH of the cultured wastewater was maintained at 6 to 7. Although free fatty acids were formed, these were consumed rapidly. The microbial activity might have been kept constant because the formation of the inorganic acids was avoided using urea. As a result, pH might be maintained during the cultivation. Therefore, urea was chosen as the optimal nitrogen source.
Initial yeast extract and urea concentrations To determine the optimal initial yeast extract concentration for the biodegradation of oil in the BDF wastewater, various amounts of yeast extract were added to the artificial wastewater. The results are shown in Fig. 2 . A higher initial yeast extract concentration produced a higher cell growth (Fig. 2a) ; however, the oil degradation efficiencies were almost the same in the range from 1 to 5 g/l of the initial yeast extract concentration (Fig. 2b) . Therefore, an initial yeast extract concentration of 1 g/l was chosen.
To determine the optimal initial urea concentration for the biodegradation of oil in the BDF wastewater, various amounts of urea were added to the artificial wastewater. The initial yeast extract concentration was 1 g/l and the initial urea concentration was adjusted to 0, 0.23, 0.46, 0.92, 1.38 (a) and cell concentration (b) in culture broth, and oil degradation efficiency at 36 h of culture (c) on artificial wastewater containing ammonium sulfate, ammonium chloride or urea as nitrogen source. The initial oil concentration was 10 g/l. Symbols: closed circles, urea; closed diamonds, ammonium sulfate (AS); open circles, ammonium chloride (AC). and 1.84 g/l. In the case of the initial urea concentration of 0 or more than 1.38 g/l, the cell growth and oil degradation efficiency were lower than for other cases (Fig. 3) . The oil degradation efficiency of urea with initial concentrations ranging from 0.23 to 0.92 g/l reached more than 97% and the determined optimal range of the C/N ratio was between 17 and 68 (Fig. 3b) .
Optimal conditions for BDF wastewater treatment When the determined optimal conditions were applied to the BDF wastewater treatment, microorganisms could not grow and the oil degradation efficiency was almost zero after 26 h cultivation in the BDF wastewater (data not shown here). This result suggests that a growth inhibitor of the microorganism exists in the BDF wastewater. As shown in Table 1 , the solid content of the raw BDF wastewater was 2.67 g/l. The solid content was measured by measuring the weight of the dried aqueous phase after the hexane extraction of oil. Some unidentified materials that were not extracted with hexane are present in the solids of the raw BDF wastewater. The growth inhibitor might have been contained in these materials in the aqueous phase of the raw BDF wastewater. Figure 4 shows the relationship between the solid content of the wastewater and the maximum specific growth rate of the microorganisms cultured in the artificial wastewater with various solid contents. The artificial wastewater that have various solid contents of 0, 0.534, 1.07, 1.62, 2.14 and 2.67 g/l were prepared by adding the aqueous phase after hexane extraction of the raw BDF wastewater. The higher the solid content in the wastewater, the lower the maximum specific growth rate of the microorganisms (Fig. 4b) . In particular, the microorganisms could not grow over 2.14 g/l of the solid content in the wastewater (Fig. 4a) . Although the identification of the growth inhibitor is not clear, we speculate that the growth inhibitor is soap produced at the transesterification (by-product). Figure 5 shows the raw and second-derivative near-infrared spectra of the aqueous phase obtained by the hexane extraction of the raw BDF wastewater. The peaks at around 1450 and 2000 nm are mainly due to the absorption of water. The peak at 2276 nm may be caused by a combination band of O-H stretching and C-C deformation. In general, the absorption of C-H stretching caused by the structure of the fatty acid moieties of triglyceride (oil) was observed at 1200 (C-H second overtone), 1734 and 1765 (C-H first overtone), and 2310 and 2354 nm (C-H stretch bend combinations) (10) . On the spectra of the aqueous phase, the weak absorption caused by the structure of the fatty acid was also observed. The structure of the fatty acid moieties (e.g., C-C and C-H) may be contained in the unidentified materials (growth inhibitor). From the viewpoint of the chemical reaction of transesterification, soap (potassium compound of fatty acid) may be formed by water contaminated in the raw reaction material and may be present in the waste oil. These results suggest that the growth inhibitor in the aqueous phase of the raw BDF wastewater may be soap. To avoid the growth inhibition of the microorganism, the solid content of the wastewater must be adjusted to decrease that the content below 1.7 g/l (50% lethal values) by dilution with water.
Biological treatment of diluted BDF wastewater The optimal culture conditions were applied to the biological treatment of the actual wastewater using a 10-l fermentor. To avoid the inhibition of the microbial growth, the raw BDF wastewater was diluted with the same volume of water and several nutrients (0.46 g of urea, 1.0 g of yeast extract, 0.2 g of KH 2 PO 4 and 0.2 g of MgSO 4 ⋅7H 2 O per liter) were also added to 7 l of the diluted BDF wastewater. Figure 6 shows the oil degradation of the diluted and undiluted BDF wastewater. Although oil degradation was not observed in the case of the BDF wastewater, biodegradation of the oil in the diluted BDF wastewater was successful at more than 98% oil degradation efficiency. In the experiment, the maximum consumption rates of the oil and urea were 0.267 g/l/h at 17 h and 0.0271 g/l/h at 22 h, respectively (data not shown). Therefore, the optimal C/N ratio is 15.4 in terms of the maximum biodegradation rate of the oil in the diluted BDF wastewater. The optimal C/N ratio, 15.4, is the minimum value of the batch operation of the diluted BDF wastewater treatment. The C/N ratio should be relative high because the remaining nitrogen source in the treated wastewater may cause the eutrophication of the environment. The optimal C/N ratio for the diluted BDF wastewater was close to the minimum values of the optimum range of C/N ratios for the artificial wastewater, that is, C/N = 17. These results suggest that the optimal culture conditions determined using the artificial wastewater can be applied to the actual BDF wastewater.
Conclusion
The optimum conditions for the biological treatment of BDF wastewater were determined. The addition of urea as a nitrogen source to the wastewater facilitated oil degradation. The optimum C/N ratio in the artificial wastewater was between 17 and 68, and the optimal C/N ratio in the diluted BDF wastewater was 15.4. An inhibition of microbial growth existed in the raw BDF wastewater and the critical point of the inhibition was about 1.7 g/l based on the solid content of the aqueous phase obtained by the hexane extraction of the raw BDF wastewater. Therefore, the measurement of the solid content of the BDF wastewater is very important for the efficient biological treatment of the BDF wastewater. The measurements of the hexane-extracted oil and urea concentrations in the wastewater are also important to ensure the optimal C/N ratio of the wastewater. To develop an efficient and simple biological treatment process for wastewater discharged from a BDF plant, the development of a simple and rapid measurement method of measuring the oil and urea concentrations and solid content of BDF wastewater will be studied in the future.
